Abstract: The study objectives were to identify factors associated with serum vitamin A and vitamin E concentrations in beef calves less than 1 mo old and to examine associations between vitamin concentrations and health outcomes. Serum vitamin A concentrations were highest in calves more than 4 d old, with serum immunoglobulin G concentrations > 19 g L −1 , from cows without perinatal health problems, and born where precipitation in the previous growing season was ≥200 mm. Serum vitamin E was highest in calves more than 4 d old, born earlier in the calving season, not born to heifers, and that received selenium and vitamin E injections at or shortly after birth. After accounting for other risk factors, calves with serum vitamin A less than 0.14 μg mL −1 were 2.8 times more likely to die (P = 0.02), and calves with serum vitamin E less than adequate for their age (2-7 d old, <0.8 μg mL
Introduction
Nutritional factors can dramatically affect calf health and productivity. Growth, reproduction, and the immune system all depend on adequate nutrition. Unpredictable weather conditions such as the drought seen in many areas of western Canada in the summer of 2015 increase the challenges associated with ensuring optimal nutrition in cow-calf herds. In the summer of 2001 and 2002, western Canada also experienced drought conditions. Variations in cow body condition were associated with increased risks of pregnancy failure, abortion, dystocia, and stillbirth (Waldner and Garcia Guerra 2013; Waldner 2014a Waldner , 2014b . However, the drought conditions had an impact on productivity beyond that associated with changes in cow condition. For example, cows from regions with less than 200 mm precipitation during the 2001 growing season were more likely to have stillborn calves in spring of 2002 after accounting for differences in individual cow body condition score (BCS) (Waldner 2014b) .
In addition to stillbirths, the cow-calf industry also experiences losses of neonatal calves before they are moved to pasture. While diseases such as scours and pneumonia are commonly reported reasons for treatment and death loss in western Canada (Gow and Waldner 2009; , infectious disease does not explain all calf deaths. Postmortem examinations of calves that died in 200 herds from across western Canada in the spring of 2002 suggested that noninfectious factors, including nutrition, were important causes of loss . However, in contrast to abortions and stillbirths (Waldner 2014a (Waldner , 2014b , poor cow body condition was not identified as an important contributor to neonatal calf mortality in these herds (Elghafghuf et al. 2014) , raising questions about the role of other nutritional factors such as micronutrient deficiencies. For example, examination of trace mineral concentrations in cows at pregnancy testing identified low serum selenium concentrations as a risk factor for degenerative myopathy in the subsequent calf crop (Waldner and Van De Weyer 2011) .
To follow up on questions regarding the role of micronutrient status in calf losses, liver samples from 221 of the calves that died from 106 of these herds were analyzed to better understand the importance of trace mineral and vitamin nutrition (Waldner and Blakley 2014) . The two most commonly identified micronutrient deficiencies potentially associated with death in calves born alive were vitamins A and E. To better understand the importance of low concentrations of vitamins A and E in the liver, serum samples were collected during calving season from neonatal calves in participating herds. The calf blood samples were also used to examine the importance of and risk factors for failure of passive transfer in this group of herds (Waldner and Rosengren 2009) .
The primary objective of this study was to describe serum vitamin A and vitamin E concentrations in neonatal beef calves from Alberta and Saskatchewan and to identify risk factors associated with low serum concentrations. Specifically, our goal was to determine if calves that were born in the most extreme drought areas were more likely to have lower concentrations of serum vitamin A or E. The second objective was to investigate the relationship between serum vitamin A and vitamin E concentrations and treatment for infectious disease and mortality in neonatal beef calves. Given that individual animal treatment and mortality records were available in these herds, we also had an opportunity to describe serum concentrations in surviving calves with no history of treatment and compare values in this group of clinically normal calves with existing laboratory cut points. The third objective was to critically evaluate current definitions of adequate values in calves less than 1 mo old.
Materials and Methods

Herd and sample selection
The convenience sample of calves included in this study was from a volunteer subset of 203 producers that participated in an investigation of factors affecting productivity and health of cow-calf herds in western Canada (Waldner 2008) . Private veterinary clinics across Alberta, Saskatchewan, and northeastern British Columbia were asked to participate. Client herds were enrolled based on selection criteria that considered size (>50 cows), animal identification, calving records, and animal handling facilities. Only herds using a calving season in late winter and spring were enrolled in the study. Additional details on herd selection criteria and how the selected herds reflected the cow-calf industry in western Canada have been previously published (Waldner 2008) . Project-employed veterinarians regularly visited each herd to collect samples and data and to monitor the quality and consistency of on-farm records. All study protocols were consistent with the Canadian Council on Animal Care guidelines and were approved by the University Committee on Animal Care and Supply.
Samples were collected during a single herd visit between February and May 2002 from the first individually identified calves successfully restrained in the calving and nursery areas. The number of calf samples collected per herd was primarily determined by the number of accessible animals and was also limited by producer willingness to participate and available budget for sample collection and analysis. Blood samples were collected by jugular venipuncture using 10 mL draw Vacutainer ® tubes. All samples were transported on ice to the Western College of Veterinary Medicine. The serum was separated immediately after arrival and stored at −80°C until analysis at a commercial laboratory (Prairie Diagnostic Laboratories, Saskatoon, SK). All samples were analyzed during the spring and summer of 2002. Only samples from calves 1 mo old or less were included in this investigation.
Radial immunodiffusion for serum antibody determination
Serum immunoglobulin G (IgG) concentrations were assessed to measure the success of passive transfer in each calf as previously described using radial immunodiffusion (Waldner and Rosengren 2009) .
Serum micronutrient analysis
Retinol (Milne and Botmen 1986) and tocopherol (Catignani and Bieri 1983) concentrations were determined in serum by high-pressure liquid chromatography (HPLC), as measures of vitamins A and E, respectively. Although extraction and analysis of individual vitamins were conducted separately, the procedure was identical. Briefly, 1 mL of serum was added to a 15 mL glassstoppered centrifuge tube along with 1 mL of a 1% solution of bovine serum albumin, 1.6 mL of ethanol, and 0.4 mL of internal standard. The sample was mixed using a vortex for 10 s, and a 4 mL aliquot of petroleum ether was added. The mixture was vortexed for another 45 s and centrifuged (International Refrigerated Centrifuge PR-6, International Equipment Co., Needham, MA) at 550g (ca. 2500 rpm) for 5 min. The ether phase was transferred to a clean 12 mm × 75 mm glass tube and evaporated to dryness under air. The residue was dissolved in 500 μL filtered HPLC grade methanol, and the vitamin was detected by HPLC using a 5 μm Ultrasphere ™ ODS (4.6 mm × 15 cm) column (Beckman Coulter Canada Inc., Mississauga, ON) and a fluorescent detector at 325 or 285 nm for vitamins A and E, respectively. Samples and standards were protected from light at all times.
Reference concentrations for vitamin and trace mineral analysis
The reference concentrations that were used were adapted from Puls (1994) . For calves from 2 to 7 d of age, 0.8 μg mL −1 was the minimum adequate concentration for vitamin E, while for calves greater than 7 d of age, 0.5 μg mL −1 was considered the minimum adequate concentration. The expected concentrations in adults are higher for vitamin E, where 3 μg mL −1 is considered the minimum adequate concentration in serum.
For vitamin A in calves 2-7 d of age, 0.2 μg mL −1 was considered the minimum adequate concentration, and for calves greater than 7 d of age, 0.225 μg mL −1 was the minimum adequate concentration. The minimum adequate concentration for adults is only slightly higher at 0.25 μg mL −1 . Study veterinarians conducted herd visits during the fall in 2001 to collect pregnancy test results and score the body condition of cows using a nine-point scale (Rice 1991) . Before calving season in 2002, each herd was visited again to condition score the cows and collect data on feeding management. The third visit during the calving season was to collect calf blood samples, as well as data on risk factors for calf mortality and disease and data on postcalving feeding management. Calving records included cow identification, date of calving, single or twin birth, calf sex, degree of assistance provided to the cow, and a description of postcalving cow health problems. Owners also recorded the dates of all calf losses. Calf mortality was defined as a calf that died more than 1 h after birth and before 30 June.
Records of calf treatments provided by the herd owners were to include any pharmaceutical, other than vaccinations, given to a calf for therapeutic or prophylactic indications between 1 h after birth and 30 June 2002. This cutoff date minimized data inaccuracies and incomplete records that occurred after calves were on summer pasture. The risk of treatment for any reason, diarrhea (scours, enteritis, or colitis), and pneumonia was also determined based on herd owner records of reason for treatment.
Meteorological data and herd location within ecoregion
All land locations including pastures and wintering and calving grounds were plotted by quarter section (0.8 km × 0.8 km, 65 ha) on an electronic map of western Canada. Information on total accumulated precipitation during the 2001 growing season was obtained from 1 Apr. 2001 to 31 Aug. 2001 from Drought Watch (www. agr.gc.ca/drought), which is maintained by Agriculture and Agrifood Canada, and the herds were categorized into tertiles (<200, 200-250, and >250 mm) based on existing categories established by Agriculture and Agrifood Canada. The pastures were also categorized into their appropriate ecoregions as defined by Environment Canada (Wiken 1986 ). Ecoregions are characterized by regional ecological factors such as vegetation, soil, climate, water, and fauna. The ecoregions included in this study were Aspen Parkland, Boreal Transition, Fescue Grassland, Mixed Grassland, Moist Mixed Grassland, Northern Continental Divide, Peace Lowland, Western Alberta Upland, and Western Boreal.
Data comparisons and statistical analysis
Calf-and herd-level factors were summarized using commercially available software (Microsoft Excel ® , Microsoft Corporation, Redmond, WA, USA). The correlation between serum vitamin A and vitamin E concentrations was examined using Pearson's and Spearman's correlation coefficients. A P value < 0.05 was considered statistically significant.
Generalized linear mixed models were used to estimate the association between potential risk factors and the outcomes of interest (Stata ® /SE 14.0 for Windows, StataCorp LP, College Station, TX) while accounting for clustering of outcomes of interest within herd using random intercepts. Models that also included random intercepts for twin calves from the same cow were examined but did not improve model fit based on examination of Akaike's information criteria and resulted in convergence failure in some cases.
Predictors of serum vitamin A and vitamin E concentrations were examined using linear mixed models. Models were adjusted for clustering by including a random intercept for each herd. Individual cow factors examined included calf gender, calf age at sampling, twin birth, history of assistance at birth, perinatal cow health problems, birth month, average ambient temperature on the calving date, BCS of cow at pregnancy detection and before calving, cow breed, and cow age. Herd-level factors considered included precipitation during the previous growing season, ecoregion as a proxy for geographic differences in feed sources and unmeasured local differences in herd management, use of vitamin E and selenium injections in calves, vitamin A injections to the cows, provision of commercial trace mineral or vitamin supplement to the cows, and 3 yr old stored forage used for winter feed. The proportion of variation in vitamin concentrations among herds explained by ecoregion and precipitation was calculated as follows: (variation among herds in the final model without the factor -variation among herds with the factor in the model) / (variation among herds in the final model without the factor in the model).
The association between serum vitamin A and vitamin E concentrations and four calf health outcomes were examined using generalized linear mixed models with a random intercept to adjust for clustering by herd, a Poisson distribution, and log-link function with robust variance estimation (Stata ® /SE 14.0 for Windows, StataCorp LP, College Station, TX; Zou 2004; Zou and Donner 2013) . The associations were reported as incidence rate ratios (IRR = expβ) for calf mortality, as only incident losses after sampling were included, or as risk ratios (RR = expβ) for calf treatment with 95% confidence intervals (CI), as all calf treatments from birth were considered (Dohoo et al. 2009 ).
The health outcomes examined included calf death, calf treatment for any reason, treatment for diarrhea, and treatment for pneumonia between birth and 30 June 2002. Time from calf birth date to either death or 30 June 2002 was included in the model as an exposure variable to account for variation across calves in time at risk of each health outcome. Calf serum vitamin concentrations were evaluated sequentially as continuous variables, categorized into quartiles, and then categorized as less than adequate or adequate for calf age based on published references (Puls 1994) . Other risk factors for calf mortality and treatment considered based on causal diagrams developed from previously reported research included cow age and breed, calf age at sampling, calf gender, calving month, and history of assistance at calving. Herd-level factors considered based on previous analysis of calf mortality in these herds included colostrum management, use of vitamin E and selenium injections in calves, the use of bedding and shelters in the calving facility, removal of calves from calving facility to nursery pasture within 48 h of birth, and the purchase of foster calves (Gow and Waldner 2009; Waldner and Rosengren 2009; Elghafghuf et al. 2014) .
All potential risk factors were screened based on unconditional analysis; factors with P < 0.2 were considered for inclusion in the final multivariable model. Continuous predictors were examined to determine if they were linearly associated with the outcome (vitamins A and E) or log of the disease outcome by adding the squared value of the continuous predictor to the unconditional model and evaluating the significance of the squared term. Manual stepwise backward selection was used to develop a main effects model, retaining only variables significant at P < 0.05 and, for health outcomes, serum vitamin concentrations of interest. Risk factors removed from the full model were then evaluated to see if they changed important effect estimates by more than 20%, and if so, they were retained as confounders. Biologically plausible first-order interactions were considered and retained in the final model along with the main effects if P < 0.05 (Dohoo et al. 2009 ). Residuals of the final models were examined visually for outliers. Any extreme outliers were reported, and no outliers were removed during the analysis. The model with the lowest Akaike information criteria was chosen when more than one measure of vitamin status (continuous, quartiles, less than adequate for age) was a significant risk factor for a calf death or treatment outcome after accounting for other important risk factors.
Results
Study population
Of the 899 calves for which blood samples were collected, the laboratory reported 887 vitamin A concentrations and 898 vitamin E concentrations. This represented an average of six calves per herd (median = 6; interquartile range = 5-7) from 150 herds: 110 in Alberta and 40 in Saskatchewan. No herds from British Columbia participated in this part of the study. Calves were born between 6 Jan. 2002 and 18 May 2002 and sampled between 14 Jan. 2002 and 26 May 2002 . At sampling, calves ranged from less than 1 to 31 d old (median = 6; interquartile range = 4-9). Seventy-five (8.3%) of the selected calves had a twin, with 19 twin pairs included in the analysis.
The 899 calves were born to 736 cows (717 accounting for twins) and 163 heifers, which were predominantly continental breeds, British breeds, and crossbreds (Table 1) . Most cows were in good (≥5) body condition at pregnancy testing and before calving. The proportion of cows or heifers that required assistance at calving or were diagnosed with postcalving health problems such as uterine prolapse, retained placenta, or metritis were also summarized in Table 1 . On the day of birth, the average ambient temperature ranged from +13°C to −32°C with a mean of −9.2°C (s = 9.0°C). Serum IgG concentrations were less than 24 g L −1 in 37.9% (341/899) and less than 10 g L −1 in 9.7% (87/899) of calves. Most calves were healthy from birth to the end of the reporting period on 30 June 2002. However, 164 (18%) calves with vitamin E results and 161 calves with vitamin A results were treated by the herd owner with therapeutic or prophylactic pharmaceuticals; 74 calves were treated for scours (enteritis or colitis), and 27 calves were treated for pneumonia. Thirteen calves were treated for more than one condition. Twenty-seven calves (3%) died after birth and before 30 June 2002; 16 of these had been treated prior to death.
Most producers (81%, 122/150) reported that they routinely ensured that calves received colostrum at a volume equal to 10% of their body weight within 12 h of birth, provided shelters for calves separate from cows and heifers (81%, 121/150), and moved cow-calf pairs to a nursery pasture within 48 h of birth (71%, 107/150). Only 8.7% (13/150) of participants reported buying calves to replace those that died in the herd.
Approximately half of producers (56%, 84/150) injected calves with selenium and vitamin E at birth (Table 1) . A smaller percentage of producers reported using injectable selenium (11%, 16/150) or vitamin A (22%, 33/150) in their cow herd, while only 17% (26/150) reported that they did not provide any commercial trace mineral or vitamin supplement to their cow herd, and just 21% (32/150) reported supplementing specifically with vitamin A. Other feeding practices of interest in evaluating statuses of vitamins A and E in herds facing drought and feed shortages included feeding 2 yr old forage (61%, 91/150), 3 yr old forage (14%, 21/150), and feeding more straw than typically fed by the producer in past years (9%, 13/150).
Serum vitamin A and vitamin E concentrations in all calves
Serum vitamin A concentrations were classified as less than adequate for age (58.3%, 517/887) more frequently There was a nonlinear but monotonic increase in vitamin A with increasing vitamin E concentrations (P < 0.0001); however, the correlation between vitamins A and E was relatively weak for both individual samples (r = 0.25, ρ = 0.33; n = 886) and herd average concentrations (r = 0.21, ρ = 0.32; n = 148).
Serum vitamin A concentrations in never treated, surviving calves compared with current diagnostic criteria
For the 461 calves less than 1 wk old with vitamin A results that were never treated and survived to the end of the follow-up period (clinically "normal" calves), serum vitamin A concentrations averaged 0.187 μg mL ) and had a median of 0.19 μg mL −1 (5th percentile, 0.10 μg mL −1 ; 95th percentile, 0.31 μg mL −1 ).
The current recommended adequate serum concentration of 0.225 μg mL −1 for calves between 7 and 30 d old falls at the 72nd percentile of the reported values for untreated, surviving calves.
Serum vitamin E concentrations in never treated, surviving calves compared with current diagnostic criteria
For the 466 untreated surviving calves with vitamin E results sampled at less than 1 wk old, serum vitamin E concentrations averaged 1.97 μg mL −1 (SD, 1.28 μg mL −1 ) with a median of 1.70 μg mL −1 (5th percentile, 0.54 μg mL −1 ; 95th percentile, 4.38 μg mL −1 ).
The current recommended adequate serum concentration of 0.8 μg mL −1 for calves between 2 and 7 d old falls at the 15th percentile of the reported values for untreated, surviving calves.
For the 257 untreated surviving calves with vitamin E results sampled between 1 wk and 1 mo old, serum vitamin E concentrations averaged 2.25 μg mL −1 (SD, 1.45 μg mL −1 ) and had a median of 2.01 μg mL −1 (5th percentile, 0.70 μg mL −1 ; 95th percentile, 4.77 μg mL −1 ).
The current recommended adequate serum concentration of 0.5 μg mL −1 for calves between 7 and 30 d of age falls at the 2.5th percentile of the reported values for untreated, surviving calves.
Risk factors for serum vitamin A concentrations
In a series of unconditional models adjusting only for herd effects, serum vitamin A concentrations were lower (P < 0.05) in calves that were less than 4 d old, where the dam was a heifer or British breed cow, or where the calf had IgG concentrations less than 19 g L −1 . They were also lower where the calf was born into a herd that did not administer selenium with vitamin E at birth or where the herd's location received less than 200 mm of precipitation during the previous growing season.
Concentrations of serum vitamin A also varied among ecoregions (Table 1) . When considered in a multivariable model, only calf age, IgG concentration, dam that was a heifer, cow perinatal health problems, precipitation, and differences among ecoregions remained significant ( (Tables 2 and 3 ).
Risk factors for serum vitamin E concentrations
In a series of unconditional models adjusting only for herd effects, serum vitamin E concentrations were lower in calves up to 4 d old, calves that were not twins, calves born to heifers and British breed cows, and calves born in April and May. Vitamin E concentrations were also lower in calves from herds that did not administer selenium with vitamin E at birth, and in calves from herds that received less than 200 mm precipitation in the previous growing season. Concentrations of vitamin E also varied among ecoregions (Table 1) .
When considered in a multivariable model, calf age, month of birth, whether the dam was a heifer, use of selenium with vitamin E at birth, and ecoregion remained significant ( (Table 4) , precipitation in the previous growing season was not associated with the serum vitamin E concentrations whether (P = 0.94) or not (P = 0.86) ecoregion was included in the final model.
Association between serum vitamin A and vitamin E concentrations and calf health outcomes Serum vitamin A concentrations in calves less than 1 mo old were unconditionally associated with the risk of calf death after birth and before 30 June (Table 5 ).
This association remained significant after accounting for calf age at sampling, serum IgG concentrations, month of calving, cow age at calving, cow BCS before calving, whether the calf was assisted at birth, and if selenium with vitamin E was administered at birth (Table 6 ). The association between vitamin A concentrations and the log of the incidence of calf mortality was not linear. Calves with serum vitamin A concentrations in the lowest quartile were 2.8 times more likely to die during the follow-up period than calves with higher vitamin A concentrations. Being classified as having less vitamin A than the currently reported age-appropriate cutoff was not associated with the risk of calf mortality (IRR, 1.31; 95% CI 0.57-3.04; P = 0.52) after accounting for other risk factors.
Based on the unconditional analysis, there was no association between calf death and vitamin E. There was, however, an unconditional association between low serum vitamin E concentrations in calves and the risk of enteritis (scours; Table 5 ). The association between vitamin E concentrations and the log of the risk of treatment for diarrhea was not linear but was monotonic. Calves with less than adequate serum vitamin E concentrations were 3.1 times more likely to be treated for scours from birth to the end of the study period or the calf's death than The regression coefficient represents the average absolute difference in vitamin A concentrations between categories after accounting for other variables in the final model. Predicted serum vitamin A concentrations for ecoregion reported in Table 3. calves with higher vitamin E concentrations after accounting for calf age at sampling, serum IgG concentrations, month of calving, cow age at calving, and whether the calf was assisted at birth (Table 7) . To ensure that this relationship was consistent when considering only disease that occurred after vitamin concentrations were measured as required to meet the temporality criteria for causal associations, this analysis was repeated considering only new cases of enteritis reported after the blood samples were collected, and very similar results were obtained (IRR, 2.5; 95% CI 1.2-5.6). Administration of selenium with vitamin E at birth was not associated with treatment for scours after accounting for vitamin E status and other risk factors (RR, 0.68; 95% CI 0.31-1.50; P = 0.34) listed in Table 7 or just for the other risk factors (RR, 0.59; 95% CI 0.27-1.29; P = 0.19). Neither vitamin A nor vitamin E concentrations were associated with the risk of pneumonia or treatment for any reason during the follow-up period either before (Table 5) or after accounting for other risk factors. Serum vitamin A concentrations were not significantly associated with the risk of pneumonia (RR per 0.1 μg mL −1 , 1.49; 95% CI 0.96-2.3; P = 0.08) after accounting for calf age at sampling, calving month, or cow age at calving. Similarly, less than adequate serum vitamin E concentrations for calf age were not associated with the risk of calf treatment for any reason (RR, 1.44; 95% CI 0.96-2.16; P = 0.08) after adjusting for calf age at sampling, serum IgG, month of calving, and whether the calf was assisted at birth. Finally, the risks of mortality or treatment were examined for the 10.1% (91/889) of calves that were in the lowest quartile for both vitamins A and E compared with calves that had better serum status for at least one of the vitamins. There was no association between having serum concentrations in the lowest quartile for both vitamins A and E and the risk of calf treatment for pneumonia (RR, 0.37; 95% CI 0.05-2.75; P = 0.33), treatment for enteritis (RR, 1.63; 95% CI 0.78-3.41; P = 0.19), or treatment for any reason (RR, 1.36; 95% CI 0.83-2.24; P = 0.22). Calves in the lowest quartile for both vitamins A and E were significantly more likely to die than calves that had higher serum concentrations for either one or both vitamins (RR, 2.91; 95% CI 1.08-7.88; P = 0.035). This, however, was almost the same value estimated for low serum vitamin A concentration without considering vitamin E ( Table 6 ), suggesting that there was no substantial synergistic effect of also being low in vitamin E in this sample of calves.
Discussion
The present study was successful in obtaining measures of serum vitamins A and E from a large sample of beef calves less than 1 mo old in Alberta and Saskatchewan in the midst of the 2001 and 2002 drought. All samples were collected during the late winter and spring of 2002 before the cows would have had access to green grass. More than 60% of serum vitamin A values were below the reported adequate concentrations, and vitamin A was significantly lower in herds from areas receiving less than 200 mm of rain in the previous growing season than in herds receiving higher levels of precipitation. In contrast, most serum vitamin E concentrations were at or above what has been reported as adequate concentrations.
Vitamin A is not present in plants. Therefore, cattle acquire vitamin A primarily through bioconversion of its precursor, β-carotene, present in forages. The risk ratio represents the average relative increase in the risk of the outcome for each 1 μg mL −1 increase in vitamin E concentrations. For vitamin E in calves 2-7 d old, 0.8 μg mL −1 was considered the minimum adequate level, and for calves greater than 7 d old, 0.5 μg mL −1 was the minimum adequate level.
The intensity of green color in a plant is a good approximation of its carotene content, and in a growing plant, all green parts are rich in carotene and, therefore, have a high vitamin A value (Frye et al. 1991) . In contrast, yellow to orange pigmentation is an important indicator of carotenoid-rich and, therefore, vitamin A rich food in human nutrition (Bauernfeind 1972 ). The amount of vitamin A in cows' colostrum and milk depends on their intake during late gestation. Concentrates are a poor source of vitamin A and β-carotene, and vitamin A concentrations are higher in cattle after summer grazing periods compared with after winter feeding (Puls 1994; Nozière et al. 2006; Van de Weyer et al. 2010) . This is at least in part due to the decrease in vitamin A precursor content and biological activity that occurs due to heat, light, and moisture during harvesting for hay or silage and dehydrating in preparation for storage (McDowell 1989) . Losses of more than 50% of vitamin A over the course of 1 yr have occurred in stored commercial feed (Frye et al. 1991 ).
Primary hypovitaminosis A in pastured cattle may occur during periods of drought conditions when heat and sunlight contribute to oxidation of carotenoids, thereby reducing their concentration in sun-dried pastures (Radostits et al. 2007; Hill et al. 2009 ). Reduced quality and quantity of forage resulting from drought conditions during the plant growing period decrease the availability of carotene for vitamin A production in the cow and, therefore, its transfer in the colostum. The finding that serum vitamin A concentrations in these calves were associated with precipitation during the previous growing season was therefore not surprising, particularly as low precipitation in the preceding growing season had previously been associated with decreases in neonatal liver vitamin A concentrations measured from a smaller group of calf death losses (Waldner and Blakley 2014) .
Newborn calves must get most of their vitamin A from colostrum as they are born with very limited plasma β-carotene and retinol concentrations and little vitamin A reserves (Bondi 1987; Blum et al. 1997 ; The risk ratio represents the average relative increase in the risk of calf mortality when comparing calves with serum vitamin A concentrations in the lowest quartile (less than 0.14 μg mL −1 ) compared with calves with higher vitamin A concentrations. Calves with vitamin A concentrations <0.14 μg mL −1 were 2.83 times more likely to die than those with higher concentrations.
b
The risk ratio represents the average relative increase in the risk of calf mortality for each additional day in calf age. Puvogel et al. 2008) . Low vitamin A intake in the cow during pregnancy increases the risk of hypovitaminosis A in the calf. Calves are also born agammaglobulinemic and must rely on colostrum intake and absorption to acquire passive immunity (Weaver et al. 2000) . Immunoglobulin G is the most abundant immunoglobulin in cow colostrum and measurement of serum concentration of IgG in calves is a measure of the adequacy of transfer of passive immunity. In dairy calves, a serum IgG concentration of 10 g L −1 is generally considered as evidence of adequate passive transfer of immunity, while in beef calves, a concentration of ≥24 g L −1 was associated with improved health and performance (Tyler et al. 1996; Dewell et al. 2006; Waldner and Rosengren 2009) . Intake of decreased quality or quantity of colostrum may result in deficient serum concentrations of vitamin A, reflected in this study by the significantly lower vitamin A concentrations in the 25% of calves with IgG < 19 g L −1 . Furthermore, plasma β-carotene and retinol concentrations in calves with delayed colostrum administration are reduced, possibly because of reduced intestinal absorptive capacity or changed postabsorptive repartitioning (Blum et al. 1997; Zanker et al. 2000 ).
Vitamin A is essential for normal growth, differentiation of epithelial tissues, reproduction, and adequate immune function. A lack of vitamin A can result in decreased disease resistance and increased mortality, particularly in growing animals (Frye et al. 1991; Puvogel et al. 2005; Moosavian et al. 2010) . Increased susceptibility to bacterial infections, particularly mastitis and pneumonia, reproductive failure, and postpartum diseases such as retained placenta and metritis have been associated with hypovitaminosis A (Chew et al. 1982; Frye et al. 1991; Michal et al. 1994; He et al. 2012) . In this study, calves born to cows that experienced postcalving health problems such as uterine prolapse, retained placenta, and metritis had a significantly lower vitamin A concentration compared with calves born to cows without reported postpartum health concerns. A number of reasons could have contributed to this result. The transition period puts cows at an increased risk of metabolic and infectious diseases due to peripartum immunosuppression (LeBlanc et al. 2004) . Vitamin A (and vitamin E) concentrations decrease in cows around calving (Goff and Horst 1997) . This may be compounded further by reduced body vitamin A stores resulting from winter feeding and poor-quality forage, and the For vitamin E in calves 2-7 d old, 0.8 μg mL −1 was considered the minimum adequate level, and for calves greater than 7 d old, 0.5 μg mL −1 was the minimum adequate level. The risk ratio represents the average relative increase in the risk of calf treatment for diarrhea when comparing calves with serum vitamin E concentrations below the level considered to be adequate compared with calves with higher serum vitamin E concentrations. Calves with vitamin E concentrations that were less than adequate for their age were 3.15 times more likely to be treated for diarrhea at least once than those with higher concentrations. The risk ratio represents the average relative increase in the risk of calf mortality for each additional day in calf age.
postcalving health problems in these cows may have been at least in part due to vitamin A deficiency. Second, as previously described, a lack of vitamin A in the cow may result in low concentrations of vitamin A in the colostrum and milk. Reduced production of colostrum and milk is common in sick cows and may be caused by anorexia, decreased water intake, and pain. Increased recumbency in sick cows may also prevent calves from ingesting adequate amounts of colostrum or milk. In combination, these factors may have contributed to the significantly lower vitamin A concentration in calves from dams with postpartum health problems compared with dams without reported postcalving concerns, and this finding highlights the importance of adequate vitamin A supplementation to pregnant beef cows.
Calves with vitamin A concentrations in the lowest quartile were 2.8 times more likely to die during the first month of life compared with calves with higher vitamin A concentrations. This association likely reflects the role that vitamin A plays to normal growth, development, and metabolism. Hypovitaminosis A in growing calves has been associated with weakness, ataxia, blindness, xerophthalmia, ocular and cardiac deformities, inability to suckle normally, respiratory diseases, and diarrhea, as well as convulsions and syncope (Jones et al. 1962; Divers et al. 1986; Mason et al. 2003; Millemann et al. 2007; Hill et al. 2009 ). In the present study, there was no association between treatment for enteritis or pneumonia and vitamin A concentrations in calves. While some literature links diarrhea and respiratory disease in calves to vitamin A deficiency, the evidence supporting these associations is lacking and few convincing studies are available (Jones et al. 1962; Frye et al. 1991) . Most authors attribute a general increase in disease susceptibility to a decrease in immune function due to hypovitaminosis A (Bondi 1987; Chew 1987; McDowell 1989) . Furthermore, the association between vitamin A concentrations and enteritis or pneumonia in this study here depended on the quality of treatment records kept by producers. Gow and Waldner (2009) have previously reported that many beef producers in western Canada maintain less than satisfactory calf treatment records; inaccurate recording of calf treatments for enteritis or pneumonia may have limited the power to detect associations with vitamin concentrations in this study.
Both vitamin A and vitamin E concentrations were lower in calves from heifers than in calves born to cows. Although heifers may have lower volume and quality of colostrum, this relationship is not immediately intuitive, and in fact, a number of studies have demonstrated that the serum vitamin A, vitamin E, and β-carotene concentrations in older cows were lower compared with younger cows (Katsoulos et al. 2005; van de Weyer et al. 2010) . Similarly, calves from heifers had higher liver vitamin A concentrations compared with calves from cows in a study on micronutrient concentrations in beef calves that had died (Waldner and Blakley 2014) . Due to the generally poorer mothering ability of heifers, calves born to heifers might have ingested colostrum later, ingested less colostrum, or tended to absorb less colostrum compared with calves born to cows. This does not, however, appear to explain the observed differences. While serum vitamin A concentrations were associated with serum IgG in the present study, serum vitamin E concentrations were not. The difference between heifers and cows persisted whether or not the estimate was adjusted for serum IgG concentrations. There were also no associations between reported dystocia in this study and either vitamin A or vitamin E concentrations.
Forage type is considered to be the primary factor affecting β-carotene concentration in milk, while parity and production level seem to have only a limited effect (Calderon et al. 2007; Cozma et al. 2014) . It is, therefore, possible that feeding management differed between heifers and cows, with heifers receiving feed of poorer quality compared with the cows. However, reported herd supplementation practices were not associated with serum vitamin A or vitamin E concentrations and did not explain the differences between heifers and cows. The vitamin requirements of heifers may be greater compared with (nonlactating) cows due to growth, and it is possible that despite identical feeding practices, heifers had reduced vitamin stores compared with cows.
While the level of precipitation was a significant predictor of vitamin A concentrations and explained more of the variation between herds than ecoregion, it did not remain significant in the multivariable models for vitamin E. However, ecoregion was a significant predictor of the concentrations of both vitamins. It is likely that unmeasured differences in soil type, hours of sunshine, plant species, or other differences across geographic areas accounted for the differences in vitamin A and vitamin E concentrations seen in these calves. There could also be local unmeasured differences in herd management that might explain the spatial variations in vitamin A and vitamin E concentrations attributed to ecoregion. The areas with the highest and lowest vitamin A concentrations were not the same areas with the highest and lowest vitamin E concentrations. This suggests that there was no one underlying unmeasured climate or vegetation factor that had a consistent effect on these two fat-soluble vitamins.
Similar to vitamin A, green grass is one of the most important sources of vitamin E for cattle. Although vitamin E tends to be less susceptible to destruction in stored feed (including premixes) compared with vitamin A, it will deplete over time and is sensitive to heat and moisture (Frye et al. 1991; Shurson et al. 2011) . Most unsupplemented rations consisting of stored forages and cereals or processed feed are considered poor sources of vitamin E (McDowell 1989; Frye et al. 1991) . Stage of maturity of grass at harvesting for hay and the time from cutting to dehydration affect vitamin E concentration in forage, with losses of up to 50% in forage stored for 1 mo and up to 60% within 4 d during drying in the swath (McDowell 1989) . In alfalfa stored for 12 wk, up to 73% of vitamin E losses were observed, and ensiling of moist grain caused almost complete loss of vitamin E (McDowell 1989) . In premixes, losses of 2% after 6 mo have been reported and losses following processing may range from 10% to 15% (Charlton and Ewing 2007) .
Also, in contrast to vitamin A, which is stored to 90% in the liver and can serve as a vitamin A source to the animal for a long period of time, the liver is not a major storage site for vitamin E (McDowell 1989; Frye et al. 1991) . Adipose tissues and muscles also store a significant amount of the total body vitamin E, and body stores are generally more limited (Bondi 1987; Charlton and Ewing 2007) . Although specific time frames for the duration of vitamin E persistence in the body have not been reported, small amounts of vitamin E can persist for a long time. The rate at which stores are depleted varies depending polyunsaturated fatty acids in feedstuffs and other factors increasing the need for antioxidants (McDowell 1989; Frye et al. 1991) .
This might explain the lack of apparent association between the drought and vitamin E concentrations as compared with vitamin A. An association with the previous growing season would not be expected if vitamin E consumed during the growing season was not stored by the cow for prolonged periods. Vitamin E concentrations were lower in calves born later in the calving season, but vitamin A concentrations were not. As with vitamin A, the newborn calf depends largely on colostrum as a source of vitamin E at birth as placental transfer is minimal (Frye et al. 1991) . Calves born in April and May most likely had lower vitamin E concentration compared with calves born earlier in the year because of reduced vitamin E concentration in dams fed forage stored for a longer period.
Vitamin E is an essential antioxidant that enhances neutrophil function by protecting them from oxidative damage, and it has immunostimulatory functions (Reddy et al. 1987; Krueger et al. 2014) . It is further essential for the integrity and optimum function of the reproductive, muscular, circulatory, and nervous systems. Nutritional myodegeneration is probably the most recognized condition associated with vitamin E deficiency (Frye et al. 1991) . Vitamin E and selenium work synergistically as antioxidants to decrease free radicals that accumulate from physiologic metabolism. Therefore, it is not surprising that calves that received selenium and vitamin E at birth had, on average, 28% higher concentrations of vitamin E compared with calves that did not receive such supplementation. Other studies have demonstrated similar outcomes, and supplementation is a principal preventive measure for white muscle disease in young calves (Radostits et al. 2007; Krueger et al. 2014) .
The amount of vitamin E contained in the currently available commercial injectable products containing both selenium and vitamin E in Canada are, however, limited, and these injections alone should not be relied on to address vitamin E deficiency (Maas and Valberg 2009 provides 1200-1600 IU of vitamin E to a newborn calf at the recommended dose.
Calves with low serum vitamin E concentrations had an increased risk of enteritis in the present study. This is in accordance with other studies in which calves with scours had lower vitamin E concentrations or were not supplemented with vitamin E compared with calves that did not experience enteritis (Radostits et al. 1992; Krueger et al. 2014) . As supported by the association between selenium and vitamin E injections and lower calf mortality in the current analysis accounting for the impact of serum vitamin A concentrations, the odds of death and treatment for any reason had also previously been reported to be higher in beef herds in Alberta and Saskatchewan that did not routinely administer selenium and vitamin E to calves or supplement the dams (Waldner and Rosengren 2009) . Although injection with selenium and vitamin E was not associated with the risk of enteritis in the present study, these findings highlight the potential importance of vitamin E in the health of newborn calves.
For this study, age-specific reference values used were adapted from Puls (1994) . The age categories of 2-7 d and 7 d to 1 mo recognize the importance of colostrum intake and absorption during the first few days of life. However, there are no clear guidelines on what constitutes a deficient concentration of vitamin A or vitamin E in calves during the first month of life, particularly for beef calves under western Canadian conditions. Others have tried to address this important missing set of data and concluded that vitamin E concentrations in beef calves at the age of 1 may range from 1.8 to 4.19 μg mL −1 and that calves from dams on dry feed may have concentrations below 2 μg mL −1 (Maas et al. 2008 ). The concentrations of both vitamins in calves depend on the amount and quality of colostrum ingested, and precolostral assessment of vitamin status is not reliable. It is interesting that all but 13% of the calves in this study, regardless of whether they survived or were treated by the producer for health problems, had vitamin E concentrations at or above the reported reference range, while more than 58% had vitamin A concentrations below the reported adequate age-specific reference range. However, similar values were also reported (12% and 57%) for those calves that survived to the end of the study period and were never treated by the producer. These results may highlight the inadequacy of the existing reference ranges, particularly for vitamin A in this population of calves. The concentration at which vitamin A was associated with calf mortality was below the current lower boundary for the reference range.
It is important to consider that plasma concentrations of vitamin A may not provide an accurate indication of current vitamin A status. Liver biopsy samples have been reported to be more accurate (Hammell et al. 2000) but are not typically feasible in field situations or for largescale epidemiologic studies. In a dose-response assay in newborn dairy calves, Hammell et al. (2000) demonstrated that although plasma concentrations of vitamin A increased in supplemented calves, treated calves were classified as deficient based on the cutoff values used in that study, whereas liver biopsy samples indicated adequate concentrations. This delay in equilibrating between liver and serum could be another possible explanation for why younger calves (<4 d old) in this study had lower vitamin A concentrations compared with older calves. Younger calves also had lower vitamin E concentrations; however, vitamin E concentrations appeared to continue increasing up to the age of 6 d.
In conclusion, results of this study emphasize the importance of adequate vitamin A and vitamin E concentrations to the health and well-being of beef calves and the detrimental effects that drought conditions may have on forage quality and subsequently on calf health. Drought conditions are projected to become more frequent in the future (Burke et al. 2006; Smith et al. 2007; World Meteorological Organization 2016) , and beef producers in western Canada should be aware of the effects of drought, poor-quality forage, and winter feeding on the potential for vitamin deficiencies in their calf crop.
To reduce mortality and the need for treatment of common calf conditions, e.g., enteritis, due to low vitamin A and vitamin E concentrations, a number of recommendations can be made based on the findings of this study. Producers should consider supplementing their cows and particularly heifers in spring calving herds, particularly following drought years, because vitamins will have been depleted in stored forage and liver vitamin A stores may be lower in cows and heifers that grazed pastures in drought conditions during the previous growing season. Herd health strategies aimed at preventing postpartum health problems in cows will further help reduce adverse health outcomes in calves due to low vitamin A concentrations. Injection of calves with selenium and vitamin E at birth is recommended, especially where selenium in feed is known to be deficient. Producers should have a colostrum management protocol in place to ensure that newborn calves receive adequate amounts of good quality colostrum in a timely manner.
Finally, this study highlights that the reference ranges currently used to determine adequate serum vitamin A concentrations in beef calves <1 mo old were not associated with disease outcomes or death loss in beef calf populations in western Canada. These findings indicate the need to re-evaluate the reference range for adequate serum vitamin A concentrations in this population.
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